O-Linked β-N-acetylglucosamine (O-GlcNAc) is a critical post-translational modification (PTM) of thousands of intracellular proteins. Reversible O-GlcNAcylation governs many aspects of cell physiology and is dysregulated in numerous human diseases. Despite this broad pathophysiological significance, major aspects of O-GlcNAc signaling remain poorly understood, including the biochemical mechanisms through which O-GlcNAc transduces information. Recent work from many laboratories, including our own, has revealed that O-GlcNAc, like other intracellular PTMs, can control its substrates' functions by inhibiting or inducing protein−protein interactions. This dynamic regulation of multiprotein complexes exerts diverse downstream signaling effects in a range of processes, cell types, and organisms. Here, we review the literature about O-GlcNAc-regulated protein−protein interactions and suggest important questions for future studies in the field.
cooperatively regulated target genes, including cytochrome P450 family members.
Remarkably, dysregulated glycosylation can also disrupt normal protein−protein interactions in transcriptional signaling. For example, Latorre et al. recently showed that aberrant O-GlcNAcylation abrogates the interactions of transcription factor PGC1α, a key regulator of metabolic function and mitochondrial biogenesis. 30 A common polymorphism in pigs results in a Cys → Ser mutation in PGC1α, creating a new glycosylation site at residue 430. 30 Ser430-O-GlcNAc stabilizes PGC1α but prevents its interaction with its binding partner, PPARγ. 30 This disruption hampers the expression of gluconeogenic genes that are normally upregulated by the PGC1α− PPARγ complex, potentially having an impact on downstream intramuscular fat content and muscle pH. 30 Whether analogous polymorphisms or mutations cause harmful de novo glycosylation of human PGC1α or other OGT substrates is not yet known.
O-GlcNAc also governs important protein−protein interactions among transcription factors in embryonic stem cell (ESC) differentiation. Myers et al. 31 recently reported that SOX2, a transcription factor known to regulate pluripotency in ESCs, is O-GlcNAcylated on Ser248 in its transactivation domain and is deglycosylated in response to differentiation stimuli. The authors showed that an unglycosylatable Ser248Ala SOX2 mutant can replace wild type SOX2 in mouse ESCs but reduces their reprogramming efficiency in response to differentiation signals, indicating that SOX2 O-GlcNAcylation promotes pluripotency. 31 Ser248 O-GlcNAcylation influences the genome occupancy and gene expression signatures of SOX2, an effect that may be due in part to disrupted protein− protein interactions. 31 In particular, the authors show the SOX2 glycosylation reduces its interaction with poly-ADP ribose polymerase 1 (PARP1) both in vitro and in vivo, providing a possible mechanistic explanation for at least some of these transcriptional effects. 31 However, proteomics experiments demonstrated that numerous proteins co-purified differently with wild type versus Ser248Ala SOX2, with the mutation reducing some associations and strengthening others, beyond PARP1. 31 More work will be required to fully dissect the functional implications of O-GlcNAcylation on SOX2 and other pluripotency factors in ESCs.
O-GlcNAcylation can also inhibit interactions among transcription factors and their upstream regulators. The Montminy lab discovered one such example during their investigation of hyperglycemia-induced hepatic gluconeogenesis, a hallmark of uncontrolled diabetes. 32 They showed that hyperglycemic conditions cause the accumulation and nuclear localization of CREB-regulated transcription coactivator 2 (CRTC2, also called TORC2), leading to the induction of gluconeogenic genes. 32 In its inactive state, CRTC2 is phosphorylated by AMP-activated protein kinases (AMPK) and is sequestered in the cytoplasm by subsequent binding to 14-3-3 proteins. 32 The authors found that hyperglycemia triggered the O-GlcNAcylation of two key AMPK sites, Ser70 and Ser171. 32 Because glycosylation and phosphorylation are mutually exclusive on the same residue, increasing the level of O-GlcNAcylation at Ser70 and Ser171 prevents their phosphorylation, breaking the interaction with 14-3-3 and allowing CRTC2 to translocate to the nucleus and activate transcription. 32 Importantly, the level of CRTC2 O-GlcNAcylation was increased in two different mouse models of diabetes, as compared to control animals, suggesting that hyperglycemiainduced glycosylation might be a pathological feature of human diabetes, as well. 32 In another similar example, the Cho lab demonstrated that O-GlcNAcylation of NFκB family transcription factor p65 reduces its interaction with the inhibitory protein IκBα, which masks p65's nuclear localization signal, keeping it sequestered in the cytoplasm and therefore inactive. 33 Interestingly, hyperglycemic conditions induce p65 glycosylation at multiple sites, with Thr352 being the most important for relieving IκBα inhibition and boosting NFκB transcriptional activation. 33 These results demonstrate that glucose availability can influence NFκB signaling through direct p65 O-GlcNAcylation. 33 The Cho group has also reported a similar mode of regulation of tumor suppressor protein p53. 34 In response to genotoxic stress, such as DNA-damaging drugs, p53 is O-GlcNAcylated on Ser149, stabilizing it and allowing it to perform its cell cycle arrest and apoptotic functions. 34 The authors demonstrated that Ser149-O-GlcNAc disrupts the interaction of p53 with MDM2, which mediates p53 ubiquitination and destruction. 34 Indeed, the authors showed that pharmacologically potentiating global O-GlcNAc inhibited the p53−MDM2 interaction and lowered the level of p53 ubiquitination for the wild type protein, but not for an unglycosylatable Ser149Ala mutant p53. 34 In future studies, it will be important to determine the extent of crosstalk, if any, between O-GlcNAcylation and the numerous other PTMs of p53 in DNA damage signaling.
O-GlcNAc-inhibited protein−protein interactions control transcriptional signaling beyond the animal kingdom, as well. For example, the Sun lab recently demonstrated that DELLA family protein REPRESSOR OF ga1-3 (RGA) is O-GlcNAcylated in Arabidopsis by one of its two OGT homologues, SECRET AGENT (SEC). 35 RGA and other DELLA proteins are transcriptional regulators, inhibiting signaling by the hormone gibberellin, among other pathways, by binding and antagonizing transcription factors. The authors showed that RGA glycosylation blocks its binding to at least four different transcription factor-binding partners that function in light sensing, jasmonate, and brassinosteroid signaling pathways. 35 These biochemical results were bolstered by genetic evidence showing that a hypomorphic sec mutant is less responsive to gibberellin but could be partially rescued by null mutations in two DELLA-encoding genes. 35 Therefore, SEC-mediated O-GlcNAcylation of DELLA proteins relieves repression in several important developmental signaling pathways in plants.
Taken together, the examples mentioned above illustrate how dynamic O-GlcNAcylation can disrupt functionally important interactions among chromatin proteins, transcription factors, and their upstream regulators in a wide variety of organisms. Often, this mode of regulation serves in part as a nutrient-sensitive form of cell signaling, connecting metabolic and gene expression pathways. In mammalian cells, O-GlcNAc is most abundant in the nucleus, perhaps accounting for the large proportion of glycosylation-inhibited interactions described among nuclear proteins. In future studies, it will be interesting to determine whether similar modes of regulation are as widespread among OGT substrates in the cytoplasm, mitochondria, and other organelles. Figure  2 ). Again, this form of regulation has been best described in the context of transcriptional signaling. One early example focused on STAT5, a transcription factor and OGT substrate that responds to receptor tyrosine kinase signaling to influence gene expression programs regulating cell proliferation, apoptosis, and inflammation. Gewinner et al. 36 demonstrated that the transcriptional coactivator cyclic AMP response elementbinding protein (CREB)-binding protein (CBP) binds to O-GlcNAcylated, but not unmodified, STAT5 after cytokine stimulation of epithelial cells. STAT5 glycosylation does not alter its signal-induced nuclear import but instead potentiates the transactivation of some (but not all) STAT5 target genes, because of O-GlcNAc-induced CBP binding. 36 Importantly, the authors also showed that the STAT5 homologues STAT1, STAT3, and STAT6 are similarly glycosylated. 36 Because more than 40 mitogens and cytokines signal through the STAT family, 37 O-GlcNAcylation, like phosphorylation, may be a broad and conserved mode of regulating STAT-driven gene expression in a wide variety of biological contexts.
Several other groups have characterized additional functionally important O-GlcNAc-induced protein−protein interactions during transcriptional control. For example, the Yang lab reported that OGT is recruited to and glycosylates wild type PGC1α, a transcription factor described above. 38 O-GlcNAcylation of PGC1α induces the binding of the deubiquitinating enzyme BRCA1-associated protein 1 (BAP1), which removes ubiquitin marks from PGC1α, stabilizing it and promoting downstream transcriptional activation of gluconeogenic genes. 38 Furthermore, the authors found that high-glucose conditions potentiated PGC1α glycosylation, suggesting that this O-GlcNAc-induced PGC1α−BAP1 complex may provide a functional explanation for the aberrant induction of hepatic gluconeogenesis in hyperglycemic patients. 38 Indeed, the authors showed that knockdown of either OGT or host cell factor 1 (HCF1, which promotes recruitment of OGT to PGC1α) in the liver ameliorated glucose homeostasis in a diabetic mouse model, suggesting that the HCF1/OGT/ PGC1α/BAP1 axis could be a target for therapeutic intervention in diabetes. 38 In another example of transcriptional control through O-GlcNAc-mediated protein−protein interactions, the Hart lab discovered that the retinoblastoma proteins (pRB), a family of tumor suppressive transcription factors, are glycosylated in a Biochemistry Perspective DOI: 10.1021/acs.biochem.7b00871
Biochemistry 2018, 57, 13−21 cell cycle phase-dependent manner. 39 The authors showed that the level of pRB O-GlcNAcylation is high in G1, coinciding with both its activation and its hypophosphorylation. 39 Moreover, glycosylation of pRB was correlated with its binding to and inhibition of E2F-1, a transcription factor that controls S phase entry. 39 While the inhibitory relationship between pRB and E2F-1 during G1 was already well-known, the authors' work revealed a potential new layer to this regulation, as O-GlcNAcylation of pRB proteins themselves may directly promote E2F-1 binding and inhibition. 39 Transcriptional control through O-GlcNAc-induced protein−protein interactions is not limited to mammals, or even animals. For example, Xiao et al. 40 discovered that such an interaction in wheat regulates transcription-dependent vernalization, the response to prolonged cold that occurs in many plants during winter months. It had been reported previously that vernalization induces transcriptional activator TaVRN1 in monocots, but the mechanistic explanation for this observation remains unclear. 41 40 This glycosylation event recruits jacalin-like lectin VER2 to bind TaGRP2, reducing its levels in the nucleus and prompting its dissociation from the TaVRN1 pre-mRNA, promoting TaVRN1 translation. 40 Therefore, the O-GlcNAc-mediated VER2−TaGRP2 interaction de-represses TaVRN1 expression, allowing it to accumulate and drive the vernalization response. 40 It will be interesting to see whether future studies reveal the upstream mechanism through which seasonal environmental and/or metabolic cues induce TaGRP2 O-GlcNAcylation to initiate vernalization.
O-GlcNAc-induced interactions have also emerged as an important mode of regulating chromatin. For example, Fujiki et al. 44 reported that the O-GlcNAcylation of histone H2B at Ser112 recruits ubiquitin ligase Bre1A, which in turn induces the monoubiquitination of H2B Lys120, an important geneactivating PTM. The authors used chromatin immunoprecipitation and genomewide profiling approaches to show that H2B glycosylation peaks near the transcription start site of many genes, especially those encoding metabolic proteins. 44 Histone glycosylation fluctuates in response to extracellular glucose availability and HBP flux. 1−3 On this basis, the authors proposed that the O-GlcNAc-dependent recruitment of Bre1A to histone H2B may be an important, nutrient-sensitive chromatin modification for adjusting the global transcription of metabolic genes. 44 Though this hypothesis remains to be thoroughly tested, subsequent studies by the authors and other groups have further elucidated the mechanism and functional impact of histone H2B O-GlcNAcylation. For example, Chen et al. 45 showed that the enzyme Tet methylcytosine dioxygenase 2 (TET2) binds to OGT and recruits it to specific chromatin sites, increasing the level of local histone H2B Ser112 glycosylation and triggering transcriptional changes. These results implicate the TET family of dioxygenases, which are well-known OGT interactors, as potentially important upstream regulators of O-GlcNAc-mediated histone−protein interactions. In complementary work, Wang et al. 46 recently discovered that histone H2B Ser112 glycosylation is triggered by double-strand DNA breaks and is required for homologous recombination and nonhomologous end joining, both major DNA repair pathways. Moreover, the authors showed that H2B Ser112-O-GlcNAc recruits the Nijmegen breakage syndrome 1 (NBS1) DNA repair protein, providing a potential mechanistic link between OGT signaling and the repair process. 46 Future work will likely determine exactly how Bre1A and NBS1 bind H2B Ser112-O-GlcNAc (directly vs indirectly, through similar vs distinct biophysical contacts, etc.) and characterize the relationship, if any, between glucose availability and OGT/ NBS1-dependent DNA repair processes. However, despite these results, it is important to note that the glycosylation of mammalian histones has been disputed, 47 perhaps because of subtle discrepancies across experimental systems or analytical techniques. Clearly, more work is needed to resolve the apparent contradiction among these studies.
Because O-GlcNAc is most abundant in the nucleus, it likely governs many interactions among nuclear proteins beyond chromatin and transcription factors. For example, it has long been known that the nuclear pore complex is extensively decorated with O-GlcNAc moieties on multiple nucleoporins (Nups) and that glycosylation is required for the nuclear import and permeability barrier functions of the pore. 48−53 The mechanistic underpinnings of these observations are not completely understood, but O-GlcNAc may contribute to both the bulk material properties of the pore and specific biochemical interactions among Nups. In support of the former, the Gorlich group showed that nuclear pore complexes reconstituted from Xenopus egg extracts, containing native O-GlcNAcylation, recapitulate key permeability barrier features of the intact pore. 54 O-GlcNAc is required for this property, because biochemical depletion of glycosylated Nups from the extracts compromised the active transport and passive barrier properties of the resulting pore complexes. 54 Interestingly, the authors found that the heavily glycosylated FG domain of Nup98 forms a hydrogel with nuclear pore-like permeability properties in vitro, suggesting that O-GlcNAc may contribute to these effects in part through its bulk biophysical properties. 54, 55 Mizuguchi-Hata et al. 56 subsequently provided evidence of a role for specific O-GlcNAc-mediated interactions in pore architecture, reporting that the Nup62−Nup88 subcomplex in particular is regulated by O-GlcNAcylation. The authors showed that, in mammalian cells, Nup88 preferentially binds to glycosylated (vs unmodified) Nup62, and Nup88 protein levels are reduced by siRNAs directed against either Nup62 or OGT. 56 These results indicate that Nup62 glycosylation is required to bind and stabilize Nup88. Indeed, more recent work from the Vocadlo group suggests that O-GlcNAcmediated interactions among Nups may indeed be required for overall nuclear pore architecture. 57 The authors showed that pharmacological inhibition or genetic deletion of OGT eliminated Nup glycosylation, enhanced Nup ubiquitination, and shortened Nup protein half-lives. 57 As a result, the nuclear pore selective permeability barrier, which gates nuclear− cytoplasmic trafficking, collapsed in both mitotic and nondividing cells. 57 Taken together, these results suggest that O-GlcNAc-mediated protein−protein interactions among Nups are required for their stability, and for pore structure and function, at least in vertebrate cells.
O-GlcNAc-mediated protein−protein interactions also have signaling roles outside the nucleus. For example, Ha et al. 58 demonstrated that glycosylation of Ser23 on β-catenin, a bifunctional cell adhesion and transcriptional regulatory protein, promotes its recruitment to the plasma membrane and its binding to E-cadherin. Membrane sequestration is a well-known mechanism of inhibiting the transcriptional activity of β-catenin and activating its cell adhesion function, and the authors showed that pharmacological potentiation of O-GlcNAc levels reduced the level of expression of a β-catenin reporter construct and inhibited the anchorage-independent growth of a human prostate cancer cell line. 58 Moreover, Ser23 glycosylation is likely required for the transcription and cell proliferation effects of increased global O-GlcNAc levels in this system, because a Ser23Gly β-catenin mutant was unable to effect these responses. 58 Interestingly, O-GlcNAcylation may be a more general mode of regulating β-catenin interactions, because the Lefebvre group demonstrated that glycosylation of β-catenin stabilizes it in human colon cell lines and promotes its interaction with α-catenin, forming an adherens junction subcomplex required for the integrity of mucosa. 59 Whether β-catenin glycosylation directly promotes E-cadherin and/or αcatenin binding and how this is accomplished remains to be determined. 58, 59 Our lab has also characterized O-GlcNAc-mediated protein− protein interactions in a variety of cell biological contexts. For example, we recently discovered an unexpected connection between redox stress signaling and glycosylation-dependent protein complexes. 60 In a genomewide expression experiment, we found that pharmacological inhibition of OGT triggered the concerted induction of many targets of NRF2, a transcription factor and master regulator of oxidative stress signaling in mammals. 60 Guided by this observation, we determined that OGT inhibition stabilized NRF2 by reducing its level of ubiquitination, a well-known mode of NRF2 pathway regulation. 60 O-GlcNAcylation of particular proteasome substrates has long been known to inhibit their degradation. 61−65 Surprisingly, however, we discovered through a variety of chemical biology, biochemical, and cellular approaches that O-GlcNAcylation is required for the optimal activity of the ubiquitin E3 ligase complex that targets NRF2 for destruction under unstressed conditions. 60 We showed that OGT directly modifies Ser104 of KEAP1, the adaptor protein in this complex, and that Ser104-O-GlcNAc is required for both optimal binding of KEAP1 to E3 ligase CUL3 and for NRF2 ubiquitination by the KEAP1−CUL3 complex. 60 In addition, KEAP1 glycosylation co-varies with extracellular glucose levels, revealing an unanticipated connection between nutrient sensing by OGT and redox stress signaling. 60 Under nutrient-replete conditions, KEAP1 is glycosylated and the O-GlcNAc-mediated KEAP1−CUL3 complex effects NRF2 ubiquitination and degradation. 60 Conversely, during glucose starvation, KEAP1 is deglycosylated, hindering NRF2 ubiquitination and allowing its accumulation and transcriptional activity. 60 Therefore, KEAP1 glycosylation may provide a general mechanism for activating the NRF2 stress response pathway in the face of limiting nutrients. These observations may also have implications beyond the KEAP1−NRF2 pathway. KEAP1 belongs to the large family of Kelch-like proteins (KLHL), many of which serve as regulators of the ubiquitin−proteasome pathway. Interestingly, the Ser104 glycosylation site is conserved both across KLHL orthologs in other organisms and among 37 of the 42 human KLHL proteins. 60 This observation suggests that O-GlcNAc-mediated protein−protein interactions may be a broadly conserved mode of regulating the KLHL family, connecting nutrient sensing by OGT with cellular proteostasis, an important question for future studies. 60 In each of the examples mentioned above, O-GlcNAcinduced protein−protein interactions were discovered through directed biochemical experiments on a known glycoprotein of interest. These studies illustrate the potentially broad physiological significance of O-GlcNAc-mediated protein− protein interactions but also suggest that unbiased methods of detecting and characterizing such interactions would be a powerful tool for discovering unanticipated interactions and new cell biology. However, physiological O-GlcNAc-mediated interactions are often low-affinity, substoichiometric, and transient, presenting a technical barrier to their study. 1, 2, 6, 7, 9, 12 To overcome these difficulties, the Kohler lab recently described a chemical biology strategy for covalently capturing O-GlcNAc-mediated protein−protein interactions (Figure 3 ). In this method, cells are metabolically labeled with a GlcNAc analogue bearing a diazirine photo-cross-linking moiety, abbreviated "GlcNDAz". 66 A protected, 1-phosphorylated precursor form of GlcNDAz is accepted by the cellular GlcNAc salvage pathway, converted to UDP-GlcNDAz, and used by OGT to decorate its native substrates. 66 Briefly, ultraviolet (UV) treatment of GlcNDAz-labeled live cells triggers the elimination of molecular nitrogen from the diazirine moiety and the formation of a highly reactive carbene, resulting in the covalent cross-linking of O-GlcNDAz to any binding partner proteins within ∼2−4 Å of the sugar. 66 Because of this short radius, GlcNDAz cross-linking occurs exclusively at sites where the glycan contributes to the interaction interface, without cross-linking to distant or nonspecific proteins. 66 The authors' work established GlcNDAz as a powerful tool for identifying direct, glycosylation-mediated interactions between endogenous proteins in live cells. 66 Our lab has adapted the GlcNDAz system to interrogate O-GlcNAc-mediated protein−protein interactions in several new experimental contexts. For instance, we report in this issue of Biochemistry that O-GlcNAc mediates interactions of proteins in the COPII trafficking pathway, which transports protein and lipid cargoes from the endoplasmic reticulum (ER) toward the Golgi. Several groups, including our own, had observed previously that multiple core COPII proteins are reversibly O-GlcNAcylated, but the biochemical effects of these glycosylation events remained unknown. 67−71 Using GlcNDAz, we demonstrated that O-GlcNAc mediates multiple protein− protein interactions of COPII components. We mapped O-GlcNAc sites on several COPII proteins via mass spectrometry and used GlcNDAz and site-directed mutagenesis to pinpoint specific residues on the COPII protein Sec23A that are required for O-GlcNAc-mediated protein−protein interactions. Sec23A is required in both humans and model organisms for the COPII-dependent trafficking of collagen, a major component of the extracellular matrix in the skeleton and other tissues. 72−74 Indeed, mutations in the SEC23A gene cause collagen mistrafficking and skeletogenesis defects in the congenital human disease cranio-lenticulo-sutural dysplasia (CLSD). 72−74 Interestingly, we found that mutations in particular Sec23A O-GlcNAc sites required for its protein−protein interactions were also defective in collagen trafficking and skeletal development in a human cell culture system and a zebrafish model of CLSD, respectively. These results indicate that O-GlcNAc-mediated protein−protein interactions of Sec23A and other COPII proteins may be a key mode of regulation in the early secretory pathway.
In recent work, our lab has also combined GlcNDAz with biophysical, biochemical, proteomic, and cellular approaches to characterize O-GlcNAc-mediated protein−protein interactions in new contexts. For instance, we recently found that sitespecific O-GlcNAcylation of the intermediate filament (IF) protein vimentin governs its assembly state and function in processes such as cell migration and bacterial infection (H. J. Tarbet and M. Boyce, manuscript under review). The human genome encodes more than 70 IF proteins, and many of these are known OGT substrates. 75−87 Our results suggest that O-GlcNAcylation may be a broadly conserved mode of governing the IF cytoskeleton form and function. In another example, we addressed the long-standing question of whether O-GlcNAc "reader" proteins exist, recognizing and binding to O-GlcNAc moieties to transduce functional signals. It is well-established that other intracellular PTMs, such as phosphorylation or acetylation, are recognized by such reader proteins, 88, 89 but no analogous proteins for O-GlcNAc have been reported. We designed a biochemical assay to discover candidate O-GlcNAc readers, discovered several human proteins that bind O-GlcNAc directly and specifically, and determined the crystal structures of multiple candidate readers with model glycopeptides (C. A. Toleman, M. Schumacher, and M. Boyce, manuscript under review). We anticipate that these results will open new avenues of research by identifying the proteins that mediate O-GlcNAc signaling and by providing the first insight into the structural basis of O-GlcNAc recognition.
Together, the examples mentioned above demonstrate how reversible O-GlcNAcylation can mediate the assembly of multiprotein complexes in a wide variety of signaling contexts. We anticipate that some of these binding interactions absolutely require O-GlcNAc, whereas O-GlcNAc likely plays a facilitating or regulatory, but nonessential, role in other instances. The biophysical aspects of these interactions remain to be investigated thoroughly and may reveal a wealth of new information about the regulation of macromolecular recognition. It will also be important to determine through future work how the kinetics and stoichiometry of O-GlcNAcylation impact multiprotein complex formation and downstream signaling in vivo. Finally, as the example of the nuclear pore complex illustrates, extensive glycosylation may impart biologically important bulk material properties to its substrates, especially in the context of low-complexity or intrinsically disordered protein domains. It will be very interesting to learn whether the extensive O-GlcNAcylation of nucleoporins or other cellular structures governs hydrogel formation, phase transitions, or similar biophysical separations in living cells.
■ CONCLUSION AND OUTLOOK
O-GlcNAcylation is a major mode of cell signaling with broad pathophysiological significance. Nevertheless, the biochemical effects that O-GlcNAc has on most substrates are still largely obscure. The regulation of protein−protein interactions is only one of several mechanisms by which O-GlcNAc influences protein function, but the research discussed above demonstrates that this mode of regulation is widespread within the cell, common among diverse signaling pathways, and conserved across evolution. Despite this recent progress, major questions remain. For example, the stoichiometry and kinetics of O-Biochemistry Perspective DOI: 10.1021/acs.biochem.7b00871
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GlcNAcylation are poorly characterized for nearly all endogenous substrates, precluding a comprehensive understanding of how O-GlcNAc cycling dynamically regulates protein function. In addition, the biophysical basis of O-GlcNAc binding and recognition is poorly understood. Structural studies are needed to elucidate the atomic details of O-GlcNAc-mediated protein−protein complexes and to determine what (if any) common principles underlie these diverse glycosylation-induced interactions. Importantly, new technological advances in areas like mass spectrometry-based proteomics 90 and the semisynthesis of homogeneous glycoproteins 91, 92 will likely empower new studies and spur fresh discoveries. In the very long term, understanding dynamic O-GlcNAc-mediated protein−protein interactions will be an essential part of our system-level understanding of intracellular signaling in both health and disease.
